Purpose: The purpose of this study was to examine the effects of varying wide dynamic range compression (WDRC) release time on intelligibility and clarity of reverberant speech. The study also considered the role of individual working memory. Method: Thirty older listeners with mild to moderatelysevere sloping sensorineural hearing loss participated. Individuals were divided into high and low working memory groups on the basis of the results of a reading span test. Participants listened binaurally to sentence stimuli simulated at a range of reverberation conditions and WDRC release times using a high compression ratio. Outcome measures included objective intelligibility and subjective clarity ratings.
Purpose: The purpose of this study was to examine the effects of varying wide dynamic range compression (WDRC) release time on intelligibility and clarity of reverberant speech. The study also considered the role of individual working memory. Method: Thirty older listeners with mild to moderatelysevere sloping sensorineural hearing loss participated. Individuals were divided into high and low working memory groups on the basis of the results of a reading span test. Participants listened binaurally to sentence stimuli simulated at a range of reverberation conditions and WDRC release times using a high compression ratio. Outcome measures included objective intelligibility and subjective clarity ratings.
Results: Speech intelligibility and clarity ratings both decreased as a function of reverberation. The low working memory group demonstrated a greater decrease in intelligibility with increasing amounts of reverberation than the high working memory group. Both groups, regardless of working memory, had higher speech intelligibility and clarity ratings with longer WDRC release times. WDRC release time had a larger effect on speech intelligibility under more reverberant conditions. Conclusions: Reverberation significantly affects speech intelligibility, particularly for individuals with lower working memory. In addition, longer release times in hearing aids may improve listener speech intelligibility and clarity in reverberant environments.
A ge-related, sensorineural hearing loss, or presbycusis, is characterized primarily by loss of hearing sensitivity. Presbycusis may be accompanied by processing deficits, which distort acoustic signals, such as broadened auditory filters (Festen & Plomp, 1983; Hopkins & Moore, 2011; Leek & Summers, 1993; Peters & Moore, 1992) and reduced temporal resolution (Fitzgibbons & Wightman, 1982; Florentine & Buus, 1984; Hopkins & Moore, 2007; Lorenzi, Gilbert, Carn, Garnier, & Moore, 2006; Nelson & Freyman, 1987) . As a consequence, the neural representation of speech cues is likely to be degraded in individuals with hearing impairment even when the speech is fully audible (Tremblay, Piskosz, & Souza, 2003) .
Associated with these auditory processing changes, individuals with hearing impairment are more susceptible to the distortive effects of reverberation than individuals with normal hearing even when the presentation level assures audibility (Duquesnoy & Plomp, 1980; GordonSalant & Fitzgibbons, 1993 Halling & Humes, 2000; Humes & Christopherson, 1991; Marrone, Mason, & Kidd, 2008) . Reverberation is a common source of distortion present in nearly all listening environments. It is characterized by sound energy reflecting off of surfaces in an environment and arriving at the listener at a delay relative to the direct energy. Individuals with hearing impairment regard their ability to communicate in highly reverberant environments (e.g., places of worship, theaters, etc.) as important and may begin to avoid those environments if they have difficulty communicating (Gopinath et al., 2012; Reinhart & Souza, 2015) .
For individuals with hearing impairment who seek to improve communication, hearing aids are the most widely distributed rehabilitation device. However, many hearing aid users continue to report dissatisfaction with their device's performance in challenging environments, including reverberation (Kochkin, 2010) . Individuals who perceive their hearing aids as not effective across a range of environments are also more likely to discontinue use (Kochkin, 2000) . Given these facts and the frequency with which listening occurs in reverberant spaces, there is a paucity of information regarding how to optimize hearing aids for reverberant environments.
Wide dynamic range compression (WDRC) is the core processing strategy in modern digital hearing aids. The purpose of WDRC is to balance an individual's need for gain with the limitations of a reduced dynamic range. This is achieved by applying different amounts of gain on the basis of the level of input, such that low-intensity inputs will receive more gain than high-intensity inputs. WDRC systems can be set to react to incoming sounds and adjust the gain at different speeds. WDRC release time is a key parameter of this system as it partially dictates at what rate gain is modulated in response to the sound input.
In clinical hearing aids, WDRC release times range widely from a few milliseconds to several seconds. In general, short release times provide improved audibility because the compressor rapidly increases gain to lower-intensity sounds. This quick gain restoration places more of the speech cues in an audible range for individuals with hearing impairment (Henning & Bentler, 2008; Jenstad & Souza, 2005; Souza, 2002) . However, the rapid gain alterations that occur with short WDRC release times can also take a toll on the temporal characteristics of the signal. The amplitude differences among phonemes in the speech signal (i.e., the temporal envelope) contain important linguistic information regarding manner of articulation, voicing, and prosody (Rosen, 1992) . As a result, shorter release times have also been shown to degrade speech recognition compared with longer release times, particularly for certain phonemes (Jenstad & Souza, 2005; Stone & Moore, 2004 . Given the trade-offs between short and long WDRC release times, there is little agreement on how they should be set.
A recent study by Reinhart, Souza, Srinivasan, and Gallun (2016) investigated the effects of reverberation and WDRC release time on consonant recognition for nonsense syllables in individuals with hearing impairment. It was found that individuals had improved recognition with less reverberation as well as with longer WDRC release times. In addition, the authors applied an acoustic measure of envelope distortion to examine the combined effects of reverberation and WDRC release time on the acoustics. Nonsense syllable stimuli were analyzed using the envelope difference index (Fortune, Woodruff, & Preves, 1994) to quantify the effects of reverberation and WDRC release time on individual phonemes. This acoustic model has prevalent use in the hearing aid literature for examining the consequences of WDRC on nonsense syllables. Consistent with previous findings, the authors concluded that short WDRC release times distort the temporal envelope more than long release times even when the speech is first affected by reverberation. There were no interactions between reverberation and WDRC release time either behaviorally or acoustically.
The results of Reinhart et al. (2016) provide valuable insight into the relationship between reverberation and WDRC release time on a phonemic level. However, nonsense syllables presented without semantic or higher linguistic content also lack real-world validity. Information about longer speech segments with more real-life linguistic content is needed to direct choice of amplification processing in reverberant environments.
In a partial examination of such issues, Shi and Doherty (2008) examined the effects of reverberation and WDRC release time on sentence intelligibility using wearable hearing aids. Consistent with Reinhart et al. (2016) , sentence intelligibility was significantly worse in reverberation; however, unlike Reinhart et al., Shi and Doherty did not find any effect of WDRC release time. The discrepancy between these two studies could be due to several methodological differences in implementing WDRC. The 2008 study used wearable hearing aids that manipulated other parameters of the compressor, including attack time, whereas Reinhart et al. used a hearing aid simulation, which fixed all WDRC parameters except for release time. In addition, Shi and Doherty implemented individualized compression ratios ranging from 1:1 to 4:1. The lower end of this range is effectively linear, which minimizes or negates the effect of the release time. Given the different study designs, it is difficult to conclude exactly what influence WDRC release time had on the findings.
An additional limitation of the two previous studies is they have not investigated any potential source of individual variability. Recent evidence suggests that cognitive ability may modulate how a listener responds to different WDRC release times. Working memory is one cognitive ability that has been shown to affect how individuals perceive speech that has been acoustically altered by hearing aids (e.g., Gatehouse, Naylor, & Elberling, 2003; Lunner & Sundewall-Thorén, 2007; Souza, Arehart, Shen, Anderson, & Kates, 2015) . Working memory is a limited-capacity cognitive system engaged in the simultaneous processing and storage of information (Baddeley, 2000; Daneman & Carpenter, 1980; Miyake & Shah, 1999) . A number of studies have demonstrated that individuals with higher working memory perform better with short WDRC release times in modulated noise whereas individuals with lower working memory perform better with long WDRC release times (Foo, Rudner, Rönnberg, & Lunner, 2007; Gatehouse et al., 2003; Lunner et al., 2009; Lunner & Sundewall-Thorén, 2007; Rudner, Foo, Rönnberg, & Lunner, 2009; Souza & Sirow, 2014) . In these studies, it was hypothesized that individuals with higher working memory are able to benefit from the additional information provided by short WDRC release times without being affected by the resulting acoustic distortion in the same way that individuals with lower working memory are affected. Thus, working memory may be a point of division among individuals when it comes to determining optimal WDRC release time in reverberant environments. This is especially true given that WDRC release time significantly affects the signal acoustics even in the presence of reverberation (Reinhart et al., 2016) . Thus, when examining optimal WDRC release time for reverberant environments in the real world, the role of individual working memory should be considered. Otherwise, a WDRC release time that is optimal in reverberation for one individual may not be most suitable for another individual on the basis of differences in working memory ability.
The purpose of the present study was to investigate the effects of reverberation and WDRC release time for speech intelligibility and clarity of sentences while additionally considering the effects of working memory. These relationships among reverberation, WDRC release time, and working memory were investigated by both objective (intelligibility) and subjective (clarity ratings) measures in a sentence recognition task. This study used a hearing aid simulation to isolate the effects of WDRC release time.
Method

Participants
Participants included 30 adults who were non-hearing aid users (mean age = 76.1 years, range 59 to 88 years; 12 men, 18 women). All participants presented with symmetrical mild to moderately-severe sloping sensorineural hearing loss. Air conduction thresholds were measured at 250-8000 Hz octave frequencies and inter-octaves at 3000 and 6000 Hz. Bone conduction testing was performed at octave frequencies 0.5-4.0 kHz. Sensorineural hearing loss was defined as presenting with no more than one air-bone gap greater than 10 dB in combination with normal tympanometry. Individual audiometric symmetry was defined as having no more than two inter-ear air conduction threshold gaps greater than 10 dB. All participants presented with immitance and tympanometric peak pressure within normal limits in both ears using a standard 226-Hz tone (Wiley et al., 1996) . All participants reported good general health at the time of testing and no history of neurologic or otologic impairment. Participants had normal or corrected vision and reported no history of dyslexia or reading disability. Participants all spoke English as their sole or primary language. To screen for mild cognitive impairment, participants completed the Mini-Mental State Examination (Folstein, Folstein, & McHugh, 1975) . All participants received a passing score of 26 or higher (mean score = 28.8).
A post hoc power analysis revealed that the current number of participants provided a power of at least 0.727 for all interactions in the models used (repeated-measures analyses of variance [RM-ANOVAs]). All study procedures were reviewed and approved by the Northwestern University Institutional Review Board. Participants completed an informed consent process and were compensated for their time.
Working Memory
Individual working memory was assessed using an English-language version of the Reading Span Test (RST) originally developed by Rönnberg, Arlinger, Lyxell, & Kinnefors (1989) . The RST was designed to simultaneously tax information processing (by requiring semantic judgments) and memory storage (by requiring recall of words from sentences).
The test materials consisted of 54 five-word sentences that were presented on a 26-in. computer monitor. Sentences were displayed at a rate of one word (e.g, drove) or word cluster (e.g., the car) per 0.8 s, and sentences were presented in sets ranging from three to six sentences per set. Participants were required to read the words aloud as they flashed across the screen and, at the end of a sentence, to make a semantic judgment about that sentence (i.e., yes, that sentence made sense, or no, that sentence did not make sense). At the end of each sentence set, participants were asked to recall, in correct serial order, the first or last word of each sentence within that set of sentences. This was done without the participants' knowledge of whether the first or the last word would be prompted prior to seeing the set of sentences. Whether the experimenter asked for the first or the last word of each sentence was pseudorandomized across the RST, such that first-word and last-word recall conditions occurred an equal number of times. The RST score was the percentage of first or last words correctly recalled by the test participant out of the 54 sentences.
On the basis of the results of the RST task, participants were separated into two groups: high and low working memory. Due to lack of large-scale normative data on the RST, individuals were divided into groups on the basis of a median split of the data (median = 37.97%). This split criterion is consistent with previous studies that have used criteria ranging from 36% to 44% in similar sample populations (e.g., Arehart, Souza, Baca, & Kates, 2013; Lunner, 2003) . On the basis of this criterion, 15 participants were categorized as having high working memory (mean = 44.69%, range 38.9% to 55.6%), and 15 participants were categorized as having low working memory (mean = 30.37%, range 22.2% to 37.0%).
The groups were statistically analyzed to determine that there were no significant differences in hearing loss or age between the groups (see Results section for further details). Participant audiograms for both groups can be seen in Figure 1 .
Stimuli
Speech stimuli consisted of 160 unique, low-context IEEE sentences ("IEEE Recommended Practice," 1969). Locally made recordings, controlled for differences in regional dialect, were produced by two female and two male talkers (McCloy, Wright, & Souza, 2015) . These stimuli were chosen because they are more indicative of real-world listening than isolated speech segments, and having multiple talkers makes results more generalizable. In addition, the lengths of the sentence stimuli were more likely to tax working memory as well as to ensure that amplitude modulations in the signals would allow for dynamic engagement of the hearing aid WDRC processor simulation. The entire set of sentence stimuli was processed in two stages to yield the final stimulus set: (a) virtual reverberation simulator and (b) hearing aid compression simulator.
Virtual Reverberation Simulator
Broadband reverberation times of 0.0, 0.5, 1.0, 2.0, and 4.0 s were simulated using a method developed by Zahorik (2009) . In brief, the simulation used an image model to compute directions, delays, and attenuations of the early reflections. Early reflections were spatially rendered along the direct path using non-individualized, head-related transfer functions using an image method (Allen & Berkley, 1979) . The late reverberant energy was simulated statistically using exponentially decaying Gaussian noise. The model allowed for the manipulation of room dimension, the position of the source and listener, and the absorptive properties of reflective surfaces. Overall, this method provides greater experimental control and flexibility than real room recordings while producing reverberant signals that are reasonable physical and perceptual approximations of those measured in real rooms (Zahorik, 2009) .
In the present simulation, room size and sourcelistener distance were fixed, and the absorptive properties of the reflective surfaces were varied. Room size was fixed at 5.7 m × 4.3 m × 2.6 m, and source-listener distance was fixed at 1.4 m. Absorptive properties were varied to yield a range of reverberation times: 0.0, 0.5, 1.0, 2.0, and 4.0 s. This range of reverberation times was selected to approximate a range of listening conditions experienced in real environments.
Hearing Aid Compression Simulator
WDRC using release time values of 12, 90, 800, and 1,500 ms was simulated using a Matlab-based hearing aid simulation developed by Kates (2008) . In brief, the simulation method consisted of two basic stages. The first stage included six-channel nonlinear processing and spectral equalization to approximate the effects of digital signal processing occurring within the hearing aid. The second stage included linear filtering to approximate the effects of the receiver, tubing, and ear canal acoustics. This simulation method allowed for the manipulation of input speech level, compression threshold, compression ratio, attack time, and release time. Overall, this method provided further experimental control while still accurately simulating real hearing aid processing (Arehart, Kates, & Anderson, 2010) .
In the present simulation, to isolate the effects of WDRC release time, all other parameters were fixed. The input speech level was 65 dB SPL. The compression threshold was set at 45 dB SPL, and a compression ratio of 3:1 was used across all six available channels. A fixed compression ratio was implemented to ensure that all participants experienced similar WDRC conditions. The 3:1 ratio was selected because it represents the upper range of ratios implemented in wearable hearing aids. The attack time was fixed at 10 ms. Stimuli were processed with release times of 12, 90, 800, and 1,500 ms. These release time values represent a range from short (12 ms) to long (1,500 ms) implemented in commercial hearing aids.
Procedure
All listeners completed speech testing for each of the 20 test conditions (5 Reverberation Times × 4 WDRC Release Times). Speech testing took place in a double-walled sound booth, and digital signals were converted to analog by Tucker-Davis Technologies equipment (RX6, Alachusa, FL) and played through Etymotic-ER2 insert phones (Elk Grove Village, IL). Stimuli were separated into four blocks on the basis of release time, and reverberation times were randomized within each block. The order of the four blocks was randomized for each participant. Sentences were presented binaurally at 65 dB SPL to represent a conversational speech level. Participants received individual NAL-NL1 shaping to mimic the individualized frequency shaping provided by wearable hearing aids (Byrne, Dillon, Ching, Katsch, & Keidser, 2001) . Sentence audibility was verified by using a sound level meter to record amplified speech output for the average participant audiogram (see Figure 1) . Average one-third octave band levels for multiple sentences were compared with average audiometric thresholds converted to dB SPL. Recorded levels exceeded threshold levels for octave frequencies from 500 to 4000 Hz. In this way, we confirmed that NAL-NL1 frequency shaping was providing sufficient audibility for participants across the frequency range of speech. See supplemental materials for graphs plotting speech level alongside average patient audiogram (converted to dB SPL) and alongside the audiogram of the participant who had the most hearing loss. Stimulus presentation and scoring were controlled by a locally developed Matlab program. There were two outcome measures considered to assess the effects of reverberation and WDRC release time: intelligibility and clarity.
Intelligibility
Immediately following stimulus presentation, participants were asked to repeat back the sentence they heard. Sentences were scored on the basis of the number of key words (five per sentence) reproduced correctly. Word reproductions that contained a single morpheme substitution, addition, or subtraction were marked correct (e.g., tests was accepted for tested ). However, semantically significant morpheme alterations (e.g., girl for girlfriend ) and irregular form changes (e.g., feels for felt) were marked incorrect. Scoring was performed by a single scorer to ensure rule consistency.
Clarity
Following sentence recall, participants were asked to rate the clarity of the sentence. Rating was conducted on a 7-point Likert scale (1 = completely unclear, 2 = unclear, 3 = somewhat unclear, 4 = neither clear nor unclear, 5 = somewhat clear, 6 = clear, 7 = completely clear). Clarity was assessed because it has been shown to be the largest contributing factor in determining overall sound quality, which is an important subjective dimension for quantifying hearing aid benefit (e.g., Eisenberg, Dirks, Takayanagi, & Martinez, 1998; Preminger & Van Tasell, 1995) .
Results
Verifying Group Equivalency in Age and Hearing Thresholds
Analyses were performed to verify that the two working memory groups were not significantly different in age or hearing loss. Thus, between-groups differences on the primary speech tasks would be attributable to differences in working memory. An independent-samples t test found no significant difference in participant age between the groups, t(28) = 1.141, p = .263.
In addition, both groups had similar average audiograms. This was confirmed with separate RM-ANOVAs for each ear with frequency as a within-subject factor and working memory group as between-subjects factor. Both RM-ANOVAs had a statistically significant main effect of frequency: left ear, F(7, 22) = 29.923, p < .001, η p 2 = .905; right ear, F(7, 22) = 19.76, p < .001, η p 2 = .863. This is unsurprising given the sloping, high-frequency hearing loss of the participants. The main effect of working memory group was not significant for either ear, which indicates that the groups has similar degrees of hearing loss: left ear, F(1, 28) = 3.63, p = .067, η p 2 = .115; right ear, F(1, 28) = 2.636, p = .116, η p 2 = .086. Nor was there a significant Frequency × Working Memory group interaction in either ear, which indicates that the groups had similar audiometric configurations: left ear, F(7, 22) = 1.317, p = .289, η p 2 = .295; right ear, F(7, 22) = 0.385, p = .901, η p 2 = .109.
Intelligibility Results
In order to equalize variance across the performance range, percentage correct scores were converted to rationalized arcsine units for statistical analyses (Studebaker, 1985) . A three-way RM-ANOVA was conducted with two within-subject factors (reverberation and WDRC release time) and one between-subjects factor (working memory group). Main effect and interaction results are depicted in Table 1 . Results can be seen in Figure 2 . There were significant main effects for all three factors. To further explore these main effects, pairwise comparisons were conducted using a Bonferroni correction to control for multiple comparisons.
Increasing reverberation time significantly decreased sentence intelligibility scores for all pairwise comparisons ( p < .001). The only significant difference among the WDRC release times was that performance was better with the longest release time (1,500 ms) than the shortest release time (12 ms; p = .009). However, due to the presence of higher-order interactions, these results are qualified as detailed below.
Reverberation × WDRC Release Time
The interaction between reverberation and WDRC release time ( p = .048) was such that the difference among WDRC release times increased as a function of the amount of reverberation within a signal. To further examine this interaction, separate one-way RM-ANOVAs were calculated for each reverberation time with WDRC release time as the within-subject factor. Results of these analyses can be seen in Table 2 . The difference among WDRC release times tended to reach significance and have larger effect sizes under the more reverberant conditions. These results suggest that individuals perform better with longer release times; however, this effect tended to only reach significance in reverberant conditions (i.e., starting at 0.5 s).
Reverberation × Working Memory
There was also a significant Reverberation × Working Memory interaction ( p = .036). Speech intelligibility decreased as a function of reverberation time for individuals in both the high and low working memory groups. The rate of decline was more precipitous for the low working memory group across reverberation times. To further examine this interaction, we calculated how each individual's intelligibility decreased as a function of increasing reverberation relative to his or her baseline intelligibility. This was done by subtracting intelligibility performance in the condition without any reverberation (0.0 s) from intelligibility performance in each of the reverberation conditions (0.5, 1.0, 2.0, and 4.0 s). Results can be seen in Figure 3 . Pairwise t tests were conducted using a Bonferroni correction comparing the rate of performance decline between the two working memory groups. In the 0.5-s reverberation time, the groups were not significantly different from one another ( p = .898). However, there were significant differences between the groups in the 1.0 s ( p = .017), 2.0 s ( p = .026), and 4.0 s ( p = .037) conditions. These results suggest that reverberation hinders speech intelligibility for all individuals; however, this effect is more pronounced for the group with lower working memory.
Clarity Results
A similar three-way RM-ANOVA was conducted with two within-subject factors (reverberation and WDRC release time) and one between-subjects factor (working memory group) with absolute clarity rating as the dependent variable. Main effect and interaction results are depicted in Table 3 . Results can be seen in Figure 4 . There were significant main effects for both reverberation ( p < .001) and WDRC release time ( p = .045). To further explore these main effects, pairwise comparisons were made using a Bonferroni correction to control for multiple comparisons.
Increasing reverberation time significantly decreased sentence clarity ratings for all pairwise comparisons ( p < .001) except between the 0.0-and 0.5-s conditions, which approached significance ( p = .078). The only significant difference among the WDRC release times was that sentences processed with the 1,500-ms release time was rated significantly higher than the 90-ms release time ( p = .007). In addition, there was a significant Reverberation × WDRC Release Time interaction, which qualifies these results. Similar to the intelligibility results, the interaction between reverberation and WDRC release time ( p = .018) was such that the difference among WDRC release times increased as a function of the amount of reverberation within a signal. To further examine this interaction, separate one-way RM-ANOVAs were calculated for each reverberation time with WDRC release time as the withinsubject factor. Results of these analyses can be seen in Table 4 . These results were similar to the intelligibility results in that the difference among WDRC release times tended to reach significance and have larger effect sizes under the more reverberant conditions.
Discussion
The present study evaluated the relationships among reverberation, WDRC release time, and individual working memory on measures of sentence intelligibility and clarity in individuals with hearing impairment. The following are the general findings of the analyses. Overall, speech intelligibility and clarity decreased as the amount of reverberation increased. Moreover, the low working memory group was more affected by increasing reverberation. Last, speech intelligibility and clarity decreased with shorter time constants; however, there was an interaction between reverberation and WDRC release time for both intelligibility and clarity. Each of these findings is discussed in further detail below.
Consistent with previous literature, speech intelligibility for individuals with hearing impairment decreased in the presence of even mild amounts of reverberation (i.e., 0.5 s). This reverberation time is representative of many real-world listening environments, such as restaurants or living spaces. As such, clinicians and researchers should be aware of reverberation and how the presence of reverberation might modulate the listener experience for individuals with hearing impairment outside of the clinic or laboratory. In a clinical sense, this supports the use of speech perception tests that incorporate realistic reverberation when assessing patient impairment in the real world (e.g., Brungart, Sheffield, & Kubli, 2014; Spitzer, Sandridge, Newman, Sydlowski, & Ghent, 2015) . As it pertains to translational research, individuals should be aware as to how reverberation might affect the signal acoustics and how that will affect the generalizability of results in the real world (Bradley, Reich, & Norcross, 1999; Houtgast & Steeneken, 1985; Reinhart et al., 2016) .
It is interesting to note that not all individuals were equally affected by reverberation. In the present study, individuals with lower working memory experienced a more precipitous decline in speech intelligibility as a function of reverberation (see Figure 3) . This finding supports the hypothesis that working memory provides a form of cognitive compensation in cases of degraded speech acoustics (Rönnberg et al., 2013; Rönnberg, Rudner, Foo, & Lunner, 2008; Stenfelt & Rönnberg, 2009 ). This relationship between working memory and resistance to acoustic distortion has been demonstrated in background noise (Lunner & Sundewall-Thorén, 2007; Rudner, Rönnberg, & Lunner, 2011) and rapid speech (Vaughan, Storzbach, & Furukawa, 2006; Wingfield, Tun, Koh, & Rosen, 1999) ; however, this is the first study, to the authors' knowledge, to empirically demonstrate this paradigm with reverberant distortion. Although it should be noted that attention and cognitive compensation might preserve speech intelligibility in degraded conditions in the short term (Halin, Marsh, Hellman, Hellström, & Sörqvist, 2014) , this heightened cognitive expenditure may lead to increased mental fatigue in listeners (Bess & Hornsby, 2014; Hornsby, 2013) .
Consistent with previous findings investigating nonsense syllables, individuals in the present study performed significantly better in reverberation with longer WDRC release times. This finding is an expansion upon the previous study of nonsense syllables and is presumably driven by the additive distortion occurring to the temporal envelope as a result of short WDRC release times (Reinhart et al., 2016) . However, unlike in the previous study examining nonsense syllables, in the present study the effect of WDRC release time increased as the amount of reverberation increased (see Tables 2 and 4 ). This discrepancy is likely due to differences in stimuli. Sentence stimuli are longer and likely to have sufficient duration to more fully interact with the fluctuations of the WDRC circuit than nonsense syllables. Because sentences are more indicative of realworld listening, the conclusion from the present study that WDRC release time has an even larger effect in the presence of reverberation is more likely to persist in realistic listening environments.
The greater effect of WDRC release time on speech intelligibility and clarity in increasing reverberation could be due to several reasons. As previously discussed, top-down processing can be recruited to compensate for the effects of signal degradation. This cognitive compensation hypothesis states that individuals have a limited pool of cognitive resources largely independent of modality (Pichora-Fuller & Singh, 2006; . Increasing task demand, such as in the case of distorted speech processing, requires a larger proportion of these available resources. As the required resources for a given task approach individual capacity limits, individuals are not able to increase top-down processing to further compensate for signal distortion. Applying this to the present findings, recall that reverberation and short WDRC release times cause additive distortion to the temporal envelope of a speech signal (Reinhart et al., 2016). In addition, age and hearing loss already require compensatory top-down processing of speech (Alain, McDonald, Ostroff, & Schneider, 2004; Pichora-Fuller, Schneider, & Daneman, 1995) . Thus, it may be that the additional distortion introduced by short WDRC release times overloads the cognitive compensation mechanism (i.e., task demand surpasses available cognitive resources) when listeners are already being taxed by aging, hearing loss, and reverberation. This hypothesis could account for the findings presently observed. In addition, there is a possible acoustic hypothesis for the interaction between WDRC release time and reverberation. Although reverberation does cause some distortion to the temporal envelope, it predominantly attenuates the higher modulation frequencies of a signal (Houtgast & Steeneken, 1985) . WDRC in hearing aids, on the other hand, principally distorts the slow modulation cues present in the temporal envelope (Souza, 2002) . In an undistorted signal, listeners have access to both the slow and fast modulation cues; thus, the effects of temporal envelope distortion by short WDRC release times may have minimal effect because listeners can use the higher modulation rate cues to compensate. However, when the fast modulation cues are distorted as a result of reverberation, WDRC release time may have a greater effect. In other words, in instances in which reverberation is already removing some of the cues, the use of short WDRC release times may be reducing listener access to the one cue remaining. This may be especially true given the increased dependence older listeners with hearing impairment have on temporal envelope cues (Fogerty & Humes, 2011 .
All individuals, regardless of working memory, benefited from longer WDRC release times in reverberation. Thus, optimal WDRC release time in reverberation does not seem to vary on the basis of listener working memory characteristics. Although differences exist among these studies as to how individual cognition was defined and classified, the finding of improved performance with WDRC in reverberation is in contrast with the background noise and WDRC literature previously discussed. Recall that in modulated background noise, individuals with higher working memory perform better with short WDRC release times, whereas individuals with lower working memory perform better with long WDRC release times (Foo et al., 2007; Gatehouse et al., 2003; Lunner et al., 2009; Lunner & Sundewall-Thorén, 2007; Rudner et al., 2009; Souza & Sirow, 2014) . These findings, in combination with the present study, suggest that individuals with lower working memory should be fit with long WDRC release times across a variety of acoustic environments. On the other hand, individuals with higher working memory may benefit most from short WDRC release times in situations dominated by background noise (e.g., a restaurant) and long WDRC release times in situations dominated by reverberation (e.g., lecture hall or sanctuary). Although further research is necessary to validate these findings in a clinical context, as well as to examine the combined effects of reverberation and background noise, these early findings suggest an interesting possibility in situation-variable WDRC settings for some individuals.
In general, the subjective clarity results corroborate the conclusions of the intelligibility analyses. There were significant interactions between reverberation and WDRC release time for both measures, indicating that WDRC release time has a larger effect under reverberant conditions. However, there were also discrepancies between the two measures. For subjective clarity, reverberation affected listener perception of speech clarity equally for both groups, despite the finding that reverberation affected intelligibility of individuals with lower working memory more severely. These findings are consistent with previous research that although generally correlated, clarity and intelligibility measures may differ from each other (e.g., Eisenberg et al., 1998) . This suggests that subjective measures, such as clarity, may not be as sensitive to small effects as more objective measures. Nonetheless, subjective measures remain an important dimension in assessing hearing aid benefit because they give insight into what individuals might be aware of regarding their ability to hear and communicate, associated with their signal processing.
Limitations
These results contribute to a theoretical understanding of WDRC settings for individuals in reverberant environments. However, some aspects of the research design may limit generalizability of findings to the clinic. First, the participants in the present study were non-hearing aid users without prior experience with WDRC. This sample emulates an individual coming in for his or her first hearing aid fitting with nonlinear processing; however, it is unclear what effect prior experience and acclimatization with WDRC will have on this paradigm. Previous work (Foo et al., 2007; Rudner et al., 2009 ) has suggested any acclimatization will be minimal, but those studies did not specifically consider use of WDRC in reverberant environments.
A second limitation pertains to the reverberation method used to process the stimuli. Overall, the simulation method used is well validated (Zahorik, 2009) . However, in the present implementation, the absorption coefficients were varied, and room size was fixed. Although long reverberation times may occur in rooms of the size simulated (e.g., a hard-tiled bathroom), longer reverberation times are typically found in larger spaces. The change in room dimension would likely result in different directions, delays, and attenuations of the reflected energy across frequencies. Last, the WDRC compression ratio was generally higher than that which would be fit for individuals with mildto-moderate hearing loss. The present study implemented a 3:1 compression ratio, which represents the upper limit of (nominal) compression ratios that might be implemented in wearable hearing aids. For a dynamic signal, the effective compression ratio would be somewhat lower (Stone & Moore, 1992) . Previous studies have demonstrated that high compression ratios augment the effect that WDRC release time has on a signal (Neuman, Bakke, Mackersie, Hellman, & Levitt, 1998) . It is possible that lower levels of compression would be less disruptive, and the subsequent effect of release time would be diminished. Whether the effects of WDRC release time observed in the present study persist under more moderate compression ratios requires further study.
Conclusions
In the present study, we examined the relationships among reverberation, WDRC release time, and working memory on sentence intelligibility and clarity. Reverberation decreased speech intelligibility for all listeners; however, for individuals with lower working memory, speech intelligibility decreased at a more precipitous rate as a function of reverberation time, compared with individuals with higher working memory. Regardless of their working memory, individuals performed significantly better with longer release times, and this effect was larger in greater amounts of reverberation. This suggests that individuals may perform better in reverberation with longer WDRC release times; however, it is not known if this effect will persist at lower, individualized compression ratios. Results of the clarity measure mostly followed the trends of the intelligibility results; however, clarity was not sensitive to group differences between the high and low working memory groups. Last, listeners ranked longer WDRC release times as significantly more clear.
